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WSX-1 Is Required for Resistance to
Trypanosoma cruzi Infection by Regulation of
Proinflammatory Cytokine Production
and others demonstrated that WSX-1 is required for
initial production of IFN- by naive CD4 T cells (Chen
et al., 2000; Yoshida et al., 2001). Recently, IL-27, a
heterodimeric cytokine that consists of Epstein-Barr vi-
rus induced-gene (EBI) 3 and p28, was described to act,
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view). Thus, although the role of IL-27/WSX-1 signaling
in the differentiation of naive CD4 T cells into Th1 popu-WSX-1 is a class I cytokine receptor with homology
lation has now become clearer, roles of WSX-1 in otherto the IL-12 receptors and is essential for resistance
cells/situations remain to be elucidated.to Leishmania major infection. In the present study,
Trypanosoma cruzi, an intracellular protozoan parasite,we demonstrated that WSX-1 was also required for
is known as a causative agent of American Trypanoso-resistance to Trypanosoma cruzi. WSX-1/ mice ex-
miasis or Chagas’ disease, and affects nearly 20 millionhibited prolonged parasitemia, severe liver injury, and
people in Central and South America. Host resistanceincreased mortality over wild-type mice. WSX-1/
during experimentally induced acute T. cruzi infectionsplenocytes produced enhanced levels of Th2 cyto-
is dependent on both innate and acquired cell-mediatedkines, which were responsible for the prolonged para-
immune responses, requiring combined effects of asitemia. Massive necroinflammatory lesions were ob-
number of cell populations, including NK cells, CD4,
served in the liver of infected WSX-1/ mice, and
and CD8 T cells, as well as antibody production by B
IFN- that was overproduced in WSX-1/ mice com- cells (Krettli and Brener, 1982; Rottenberg et al., 1988;
pared with wild-type mice was responsible for the le- Tarleton, 1990). Concerning cytokines, IL-12 production
sions. In addition, vast amounts of various proinflam- by macrophages is triggered by invasion of these cells
matory cytokines, including IL-6 and TNF-, were by blood trypomastigotes of T. cruzi early after infection
produced by liver mononuclear cells in WSX-1/mice. (Aliberti et al., 1996; Camargo et al., 1997). IFN- is pro-
Thus, during T. cruzi infection, WSX-1 suppresses liver duced by NK cells from the early phase of infection and
injury by regulating production of proinflammatory cy- by CD4 and CD8 T cells later during infection (Cardillo
tokines, while controlling parasitemia by suppression et al., 1996; Tarleton, 1990). IFN-, synergistically with
of Th2 responses, demonstrating its novel role as an TNF-, induces nitric oxide synthesis by macrophages,
inhibitory regulator of cytokine production. which is critical for host resistance during the acute
phase of the infection (Reed, 1988; Silva et al., 1992).
Introduction In contrast to IFN-, Th2 type cytokines including IL-4
and IL-10, and an immunosuppressive cytokine, TGF-,
WSX-1 is a class I cytokine receptor with homology to are associated with susceptibility to T. cruzi infection
the IL-12 receptors (Chen et al., 2000; Sprecher et al., by inhibiting IFN--mediated macrophage activation
1998). In an analysis using WSX-1-deficient mice, we (Abrahamsohn and Coffman, 1996; Abrahamsohn et al.,
2000; Cardillo et al., 1996; Gazzinelli et al., 1992; Hiyama
et al., 2001; Silva et al., 1992). As reported previously,*Correspondence: hyoshida@bioreg.kyushu-u.ac.jp
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Figure 1. Sustained High Parasitemia, In-
creased Mortality, and Severe Liver Injury in
WSX-1/ Mice during T. cruzi Infection
(A) WSX-1/ (closed circles) and WSX-1/
(open circles) mice were infected intraperito-
neally with 2  103 of blood trypomastigotes
of the Tulahue´n strain of T. cruzi. Parasitemia
was monitored.
(B) WSX-1/ (closed circles) and WSX-1/
(open circles) mice were infected with 1 
104 of T. cruzi. Mortality was daily monitored.
Double dagger, the rest of WSX-1/ mice
finally recovered.
(C) Serum ALT and AST levels were measured
after infection with T. cruzi (1  104). Shown
are mean SD from five independent experi-
ments with similar results (5 to 10 mice per
group in one experiment). *; P  0.05 by Stu-
dent’s t test.
(D) Hematoxylin and eosin staining of the liver
at 14 days after infection (1  104). KO, WSX-
1/ and WT, WSX-1/.
the parasite load does not necessarily correlate with the in the sera, which were assumed to be responsible for
severe liver damage and resultant increased mortalityinfection-induced inflammation during T. cruzi infection
(Holscher et al., 2000; Hunter et al., 1997; Soares et al., observed in WSX-1/ mice after infection. Taken to-
gether, our results revealed a novel function of WSX-12001) and immunopathology also has great impact on
the pathogenesis of the experimental Chagas’ disease. as a negative regulator of overinflammatory response,
in addition to the previously reported role for Th1 in-Given the importance of IFN- in resistance to intracel-
lular pathogens (Ely et al., 1999; Gazzinelli et al., 1994; duction.
Sypek et al., 1993), experiments were performed to
determine the role of WSX-1 in immunity to T. cruzi. Results
WSX-1/ mice showed marked susceptibility to T. cruzi
infection with severe liver injury and increased mortality. Prolonged High Parasitemia, Increased Mortality,
and Severe Liver Damage in WSX-1/ MiceUnexpectedly, WSX-1-deficient liver mononuclear cells
produced higher IFN- than wild-type cells, the cytokine during T. cruzi Infection
WSX-1 is required for initial IFN- production by naivelargely responsible for the liver injury. Moreover, WSX-
1/ mice produced large amounts of proinflammatory CD4 T cells and indispensable for resistance to Leish-
mania major infection (Yoshida et al., 2001). To furthercytokines, such as TNF- and IL-6 both in the liver and
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Figure 2. Enhanced Th2 Cytokine Production by WSX-1-Deficient Splenocytes during T. cruzi Infection
(A) Flow cytometric analysis of intracellular IFN- production at 7 and 14 days after T. cruzi infection. The splenocytes (1  106/ml) from WSX-
1/ (WT) and WSX-1/ (KO) mice were cultured for 24 hr with or without 2.5 	g/ml of Con A. For the last 6 hr, GolgiStop and GolgiPlug were
added to the culture. Then cells were stained for surface CD3 versus NK1.1 along with intracellular IFN- as described in Experimental
Procedures. Numbers are the percentages of IFN--positive splenocytes. Experiments were repeated three times with similar results.
(B) IFN- production by splenic CD4 or CD8 T cells from WSX-1/ (WT) and WSX-1/ (KO) mice on day 14 after T. cruzi infection. CD4
or CD8 T cells were cultured with irradiated naive APC (open columns) or infected APC (closed columns) for 66 hr. Infected APC were
prepared as described in Experimental Procedures. IFN- concentration in the culture supernatants was measured by ELISA. Data shown
are mean  SD of triplicate samples from four mice per group and are representative of three independent experiments.
(C) RT-PCR analysis of cytokine mRNA expression in splenic CD4, CD8 T cells, and NK1.1 cells isolated from WSX-1/ (WT) and WSX-
1/ (KO) mice on day 14 after T. cruzi infection. Experiments were repeated three times with similar results.
(D) IFN-, IL-4 and IL-5 production by splenocytes from WSX-1/ (WT; open columns) and WSX-1/ (KO; closed columns) mice at 14 days
after T. cruzi infection. The splenocytes were cultured for 66 hr. IFN-, IL-4, and IL-5 production was measured as in (B). Data shown are
mean  SD of triplicate samples from four mice per group and are representative of three independent experiments. *; P  0.05 by Student’s
t test.
investigate the pathophysiological roles of WSX-1, (ALT) and aspartate aminotransferase (AST). As shown
in Figure 1C, dramatic increase of ALT and AST wasWSX-1/ mice were infected with T. cruzi, and then
parasitemia and mortality were monitored. WSX-1/ observed in WSX-1/ mice compared with wild-type
mice. Microscopic examination of the liver revealed se-mice showed prolonged high parasitemia compared
with wild-type mice, which controlled parasitemia by vere tissue destruction with large and disseminated ne-
crotic loci in the liver of WSX-1/mice (Figure 1D, upperday 20 (Figure 1A). Furthermore, more than 40% of mu-
tant mice succumbed to death by day 15 after infection panels), while focal and solid granuloma formation was
observed in wild-type mice (lower panels). The hearts,with higher doses of the parasites, while all of wild-type
mice survived (Figure 1B). As acute T. cruzi infection one of the target organs of T. cruzi, appeared unaffected
during the acute infection in both WSX-1/ and wild-induces liver injury (Holscher et al., 2000), the degree of
liver injury was assessed in WSX-1/ and wild-type type mice (data not shown). It was thus clearly shown
that WSX-1/ mice were more susceptible to T. cruzimice by measuring serum alanine aminotransferase
Immunity
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Figure 3. Th2 Response Is Responsible for Sustained Parasitemia, but Not for High Mortality and Liver Injury in WSX-1/ Mice
WSX-1/ (closed symbols) and WSX-1/ (open symbols) mice with (triangles) or without (circles) anti-IL-4 antibody treatment were infected
intraperitoneally with 2  103 (A and C) or 1  104 (B and D) of T. cruzi. Parasitemia (A), mortality (B), and serum AST (C) levels were monitored
as in Figure 1. Experiments were repeated five times with similar results and mean  SD of representative experiment are shown. *; P  0.05
by Student’s t test compared with untreated mice. (D) Hematoxylin and eosin staining of the liver derived from anti-IL-4 antibody-treated
WSX-1/ mice at 14 days after infection.
infection with prolonged high parasitemia, severe liver mice than in wild-type mice but was later comparable
on day 14 after infection. Comparable levels of IFN-injury, and increased mortality.
production between WSX-1/ and wild-type mice were
also confirmed in the culture supernatants of sortedAugmented Th2-Type Cytokine Production
by WSX-1-Deficient Splenocytes during CD4 or CD8 T cells cultivated with irradiated antigen-
presenting splenocytes prepared from infected miceT. cruzi Infection
As IFN- is required for resistance to T. cruzi and WSX-1 (Figure 2B). Semiquantitative RT-PCR reiterated that the
expression levels of IFN- in splenic CD4 or CD8is crucial for proper mounting of Th1 responses, we
examined IFN- production by splenocytes during T. T cells or NK1.1 cells were comparable between WSX-
1/ and wild-type mice on day 14 (Figure 2C). The ex-cruzi infection. As shown in Figure 2A, intracellular stain-
ing for IFN- revealed that IFN--producing CD3 T cells pression levels of IP-10, an IFN--induced chemokine,
were also comparable between two groups of mice (Fig-increased during the infection in both WSX-1/ and wild-
type mice. Unexpectedly, however, there was no differ- ure 2C). However, expression of Th2 cytokines, IL-4 and
IL-13, was much higher in WSX-1/ mice than in wild-ence in the percentages of IFN--producing T cells be-
tween WSX-1/ and wild-type mice on both day 7 and type mice, indicating abnormal skewing toward Th2-
type responses in WSX-1-deficient mice after T. cruzi14 after infection. In Supplemental Figure S1 (http://www.
immunity.com/cgi/content/full/19/5/657/DC1), the propor- infection. Splenocytes derived from WSX-1/ mice pro-
duced significantly more Th2-type cytokines, IL-4 andtion of IFN- -producing NK cells and NKT cells in the
spleen was determined. IFN- production by NK and IL-5, than those from wild-type mice in response to T.
cruzi antigen (Figure 2D). These results indicate thatNKT cell populations on day 7 was higher in WSX-1/
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WSX-1 was not required for IFN- production in T. cruzi and IL-12/ mice, no necrotic loci were detected in the
liver of both mice (Figure 4D). To further clarify the roleinfection but that WSX-1 was important for suppression
of Th2 responses during the infection. of IFN- on the liver pathology in WSX-1/ mice, we
treated mice with anti-IFN- antibody during infection.
As shown in Figure 4E, the antibody treatment signifi-Augmented Th2 Responses due to WSX-1 Deficiency
cantly reduced the serum AST levels both in the wild-Are Responsible for Prolonged Parasitemia,
type and in the knockout mice. Figure 4F shows thatbut Not for High Mortality and Liver
the necrotic legions were also reduced in WSX-1/miceInjury during T. cruzi Infection
treated with anti-IFN- antibody. All the antibody-As the Th2 cytokines such as IL-4 and IL-10 have been
treated knockout mice survived by day 20 after infectionimplicated in susceptibility to T. cruzi infection, we eval-
while 40% of the untreated mice died. Thus, it was re-uated the effects of the abnormal Th2 skewing observed
vealed that the liver damage, as demonstrated by thein WSX-1/ mice on the sustained parasitemia, the liver
increase of serum AST and ALT levels and necrosis,injury, and the high mortality during T. cruzi infection.
was largely dependent on IFN-, but not on the highSince IL-4 is pivotal for the induction of Th2 response,
parasite burden.anti-IL-4 monoclonal antibody was administered from the
day of infection to the end of experiments every 3 days
in order to inhibit the Th2 response. The neutralization Overproduction of Proinflammatory Cytokines
of IL-4 led to the reduced expression of IL-4 and IL-13, in WSX-1-Deficient Mice during T. cruzi Infection
both the representative Th2 cytokines, indicating the As WSX-1/ mice showed severe liver injury, we next
successful inhibition of Th2 response by the treatment examined the cytokine expression and production by
(data not shown). As shown in Figure 3A, WSX-1/ mice liver mononuclear cells (LMNC) during T. cruzi infection.
treated with anti-IL-4 antibody successfully controlled First, LMNC were purified from WSX-1/ and WT mice
the parasitemia by day 20, just similar to wild-type mice on day 4 after infection and RT-PCR analyses were
(Figure 1B). However, to our surprise, anti-IL-4 treatment performed. As shown in Figure 5, LMNC purified from
did not rescue the knockout mice from death after infec- WSX-1/ mice intensively expressed IFN- and Th2
tion. WSX-1/ mice with or without anti-IL-4 treatment cytokines, IL-4, 5, and 13, compared with those from
died with the same time course (Figure 3B). Next, we wild-type mice. In NK1.1 cells purified out of LMNC,
assessed the effect of IL-4 neutralization on the liver IFN- and IL-4, 5, and 13 was higher in WSX-1-deficient
injury by measuring serum ALT and AST levels. Neutral- cells than in wild-type cells. There was no difference in
ization of IL-4 had no effect on the higher AST and the expression of IL-10, a suppressive cytokine for in-
ALT (not shown) levels observed in the WSX-1/ mice flammation during T. cruzi infection, between WSX-1/
(Figure 3C). As expected, histopathological examination and wild-type mice (Figure 5).
revealed no improvement of liver injury by anti-IL-4 treat- Cytokine production was further examined by cultivat-
ment (compare Figure 3D with 1D). Taken together, it is ing LMNC with antigens. On day 11 after infection, LMNC
demonstrated that Th2 responses are not responsible were purified and cultured with irradiated spleen cells
for the necroinflammatory legions in the liver and the prepared from mice infected with T. cruzi. LMNC derived
high mortality observed in WSX-1/ mice, although from WSX-1/ mice produced significantly more IFN-,
the control of parasite burden is largely dependent on IL-5, IL-6, TNF-, and GM-CSF, proinflammatory cyto-
the proper suppression of Th2 responses. kines collectively responsible for cytokine-mediated
liver injury (Cao et al., 1998; Sass et al., 2002; Schumann
et al., 2000; Tiegs, 1997), than LMNC from wild-typeIFN- Is Essential for Controlling the Parasite Number
and Immunopathology during T. cruzi Infection mice (Figure 6A). Overproduction of proinflammatory
cytokines in WSX-1/ mice was also evident in the seraSince both IL-12 and IFN- are critical not only for con-
trol of parasite number but also immunopathology of mice after infection. As shown in Figure 6B, WSX-1/
mice also showed significantly higher levels of proin-(Hunter et al., 1997), we then resorted to the inflamma-
tory effects of IFN- in the liver. First, we infected IFN- flammatory cytokines, such as IFN-, IL-5, IL-6, TNF-,
and GM-CSF, in sera than in wild-type mice after infec-receptor knockout (IFN-R/) or IL-12 knockout (p40-
deficient, IL-12/) mice with T. cruzi, and then para- tion. To determine the cellular sources of the cytokine
production, simultaneous staining of cell surface mark-sitemia, liver injury, and mortality were compared. In
IFN-R/ mice, marked increase of parasitemia, ap- ers and intracellular cytokines was performed (Figure
6C). IFN- was mainly produced by CD3 T cells andproximately 1,000 times higher than in wild-type mice,
was observed on day 18 after infection (Figure 4A). Mice higher percentage of CD3 T cells from WSX-1/ LMNC
produced IFN- than those from wild-type (Figure 6C,deficient for IL-12 also showed 100 times as high para-
sitemia as wild-type mice on day 18 after infection. left, upper panels). Overproduction of IFN- was promi-
nent in the CD4 T cell population (data not shown). NKThese results reconfirmed the crucial role of IFN- for
the control of parasite number. However, despite the cells (NK1.1CD3–) and NKT cells (NK1.1CD3) also
produced IFN- and the proportion of IFN--producingremarkably high parasite burden, both IFN-R/ and
IL-12/ mice showed no death by day 20 after infection, NK cells was higher in WSX-1/ mice than in wild-type
mice (left, lower panels). There was no difference in thewhen 40% of WSX-1/ mice died with much less para-
site burden (Figure 4B). There was virtually no increase IFN- production by NKT cells and Mac-1 macro-
phages (data not shown). IL-6 and TNF-were producedof ALT or AST in both IFN-R/ and IL-12/ mice after
infection (Figure 4C). Although granulomatous lesions by both CD3 T cells and Mac-1 macrophages (Figure
6C and Supplemental Figure S2 [http://www.immunity.with cell accumulation were observed in both IFN-R/
Immunity
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sitemia, severe liver injury, and increased mortality. The
underlying mechanisms for susceptibility are different
in T. cruzi infection than in Leishmania major infection
where initial failure of IFN- production is of great impor-
tance (Yoshida et al., 2001). In WSX-1-deficient mice,
overproduction of various proinflammatory cytokines
occurred during T. cruzi infection, which deteriorated
the liver injury in synergy with overproduced IFN-.
In the current study, using gene-targeted mice we
revealed that the susceptibility to T. cruzi infection is
determined by a combination of at least two distinct
mechanisms. One determinant is the Th2-type responses.
WSX-1/ mice showed enhanced Th2 cytokine produc-
tion during T. cruzi infection with higher parasite burden
than wild-type mice (Figures 1, 2C, and 2D). Suppression
of the Th2 responses by anti-IL-4 antibody successfully
controlled the parasite number in WSX-1-deficient mice
(Figure 3A). Th2 cytokines, including IL-4 and IL-10, are
also a potent deactivator of macrophage antimicrobial
functions (Bogdan and Nathan, 1993). Thus, regulation
of parasite multiplication and/or eradication of the para-
site of this strain appear largely dependent on proper
suppression of Th2 responses (Hiyama et al., 2001;
Holscher et al., 2000; Petray et al., 1993). Of significance,
however, liver damage and mortality have little to do with
parasite number per se; despite the reduced parasite
number, WSX-1-deficient mice with anti-IL-4 antibody
treatment died with severe liver damage at a similar time
course with untreated mice (Figures 3B, 3C, and 3D). In
contrast, regardless of the overwhelming increase of
Figure 5. Overexpression of IFN- and Th2 Cytokines in WSX-1/
parasite burden, in either IL-12 knockout mice or IFN-Liver Mononuclear Cells after T. cruzi Infection
R knockout mice, no acute death was observed andLMNC were purified from WSX-1/ (WT) or WSX-1/ (KO) mice at
the liver damage was minimal in both mice (Figure 4).4 days after T. cruzi infection. NK1.1 cell population was sorted
Moreover, anti-IFN- antibody treatment protectedwith magnetic beads. RT-PCR analysis of cytokine mRNA expres-
sion was performed as described in Experimental Procedures with WSX-1/ mice from liver damage (Figures 4E and 4F),
RNA isolated from whole LMNC (Total) or NK1.1 cells (NK1.1). revealing the pivotal role of IFN- for pathophysiology
PCR products for -actin were shown as internal control. during T. cruzi infection. In addition, WSX-1/ mice
produced more IFN- and some of proinflammatory cy-
com/cgi/content/full/19/5/657/DC1]). Similarly to IFN-, tokines in the liver and in the sera during infection (Fig-
higher percentage of WSX-1/ T cells produced both ures 5 and 6).Thus, the other determinant for susceptibil-
IL-6 and TNF- than wild-type T cells. In addition, more ity to the infection is no doubt the necroinflammatory
WSX-1-deficient Mac-1 macrophages produced IL-6 responses induced by IFN- and, presumably, various
and TNF- than wild-type macrophages (Supplemental proinflammatory cytokines.
Figure S2 at http://www.immunity.com/cgi/content/full/ The finding that IFN- production was not impaired
19/5/657/DC1). Thus, it was revealed that, in the ab- in WSX-1/mice during T. cruzi infection is unexpected,
sence of WSX-1, IFN- and a variety of proinflammatory since, as in our previous study, WSX-1 is critically re-
cytokines were overproduced by T cells, NK cells, and quired for initial IFN- production by CD4 T cells during
macrophages in the liver, resulting in the severe devas- L. major infection (Yoshida et al., 2001). The discrepancy
tating liver injury and high mortality during T. cruzi in- could be a result of distinct characteristics of pathogens.
fection. However, the apparent discrepancy may be well ex-
plained by differential cell populations activated during
Discussion respective infection. While CD4 T cells are exclusive
cell populations responsible for eradiation of L. major
(Wakil et al., 1998), various cell populations includingHerein, we revealed that WSX-1-deficient mice are sus-
ceptible to T. cruzi infection with prolonged high para- NK cells are involved in defense against T. cruzi (Cardillo
Figure 4. IFN- Is Responsible for the Necroinflammatory Liver Damages during T. cruzi Infection
IFN-R/ mice (squares), IL-12/ mice (triangles), WSX-1/ mice (closed circles), and WSX-1/ mice (open circles) (5 to 10 mice per group)
were infected with 2  103 (A and C) or 1  104 (B and D) of T. cruzi. Parasitemia (A), mortality (B), and serum AST activities (C) were monitored
at indicated days after infection. Representative results of three independent experiments are shown. Double dagger, note that all the IFN-R
knockout mice died by day 25 of infection and all the IL-12 knockout mice died by day 30. (D) Hematoxylin and eosin staining of the liver
from IFN-R/ and IL-12/ mice at 14 days after infection. (E) Wild-type (WT) or WSX-1/ (KO) mice were treated with anti-IFN- antibody
as described in Experimental Procedures (closed circles) or control antibody (open circles) and infected with 1  104 of T. cruzi. Serum AST
levels were monitored. *; P  0.05 by Student’s t test compared with control mice. (F) Hematoxylin and eosin staining of the liver from anti-
IFN- antibody-treated WSX-1/ mice at 14 days after infection.
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Figure 6. Overproduction of Proinflammatory Cytokines in WSX-1/ Mice after T. cruzi Infection
(A) LMNC were prepared from WSX-1/ (open columns) or WSX-1/ (closed columns) mice 11 days after infection. LMNC were cultured
with infected APC for 66 hr and cytokine production in supernatants was measured.
(B) Serum cytokine levels were measured similarly on day 11 after infection. Data are mean SD from five mice per group and are representative
of three independent experiments. *; P  0.05 by Student’s t test. N.D., not detected.
(C) LMNC prepared from WSX-1/ (WT) or WSX-1/ (KO) mice on day 7 of infection were stained for intracellular cytokines as described in
Experimental Procedures. Numbers show percentages of cytokine production positive cells. Left lower panels, gated on NK cells. Experiments
were repeated three times with similar results.
et al., 1996; Rottenberg et al., 1988). Such cell popula- during infection acts on WSX-1-deficient CD4 T cells
and the downstream STAT1 activation make the WSX-tions involved in innate immunity do not require cell
differentiation but are equipped for IFN- production for 1-deficient cells competent for subsequent IFN- pro-
duction. The idea is consistent with the finding thatprompt response against pathogens. Thus, the cytokine
production by these cells may not be affected in the NK1.1 cells produced substantial amount of IFN- early
after T. cruzi infection (Figures 2, 5, and 6) and with theabsence of WSX-1. We reported that STAT1 is activated
downstream of WSX-1 in naive CD4 T cells for expres- previous report that NK cells greatly contributed to IFN-
production from early after T. cruzi infection (Rottenbergsion of the IL-12 receptor 2 chain (Takeda et al., 2003).
As STAT1 is also activated downstream of IFN- recep- et al., 1988).
It is also of great importance that LMNC (includingtor, it is possible that IFN- produced by NK cells early
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T cells, NK cells, and macrophages) derived from WSX- the sera (Figure 5 and data not shown), suggesting that
1/ mice produced significantly higher amounts of pro- the overinflammatory response observed in WSX-1/
inflammatory cytokines, such as IFN-, IL-6, and TNF-, mice during T. cruzi infection is mostly independent of
during T. cruzi infection, demonstrating a novel role of IL-10.
WSX-1 as an inhibitory regulator for proinflammatory By taking advantage of gene-targeted mice, we re-
cytokine production. Overproduction of cytokines was vealed distinct protective mechanisms involved during
most prominent in WSX-1-deficient CD3 T cells but T. cruzi infection; proper suppression of Th2 responses,
also evident in NK cells and macrophages (Figures 6C and appropriate regulation of proinflammatory cytokine
and Supplemental Figure S2 [http://www.immunity.com/ production, both of which are required for host defense
cgi/content/full/19/5/657/DC1]). WSX-1 is principally ex- against the pathogen. We also revealed a novel role for
pressed in T cells but is also expressed in NK1.1 cells, WSX-1 as an inhibitory regulator of inflammation and
spleen macrophages, and Kuppfer cells in the liver cytokine production, in addition to the role for Th2 re-
(Chen et al., 2000; Yoshida et al., 2001; our unpublished sponse suppression. Further characterization of WSX-1
data). It is therefore very likely that WSX-1 regulates the and identification of the putative counter subunit will no
cytokine production not only by T cells, but by NK cells doubt shed light on the pathogenesis of various dis-
and macrophages/Kuppfer cells. It is, however, not for- eases where cytokines play roles and may raise opportu-
mally excluded that overproduction of cytokines by NK nities for therapeutic intervention against some infec-
cells and macrophages is secondary to cytokines pro- tious diseases or autoimmune diseases.
duced by T cells. In any case, WSX-1 (a component of
IL-27 receptor) seems to have pleiotropic functions, as Experimental Procedures
in other cytokine/cytokine receptor systems. In an anal-
Animals and Parasitesogy to IL-12 receptor (and other cytokine receptors),
Generation of WSX-1 deficient mice was reported previously (YoshidaWSX-1 is assumed to bind to a counter subunit that has
et al., 2001). Mice were maintained in an SPF condition in our facility.yet to be identified to conform to a functional receptor The mice were backcrossed into C57BL/6 background more than 10
complex. As observed in IL-12 receptor (IL-12 receptor times and 8- 10-week-old mice were used for experiments. IFN-R-
1 plus 2 chains on Th1 effecter cells) versus IL-23 deficient mice were kindly provided by M. Aguet and F. Sendo. IL-
12p40-deficient mice were kindly provided by J. Magram and K.receptor (IL-12 receptor 1 chain plus unique IL-23 re-
Takeda. T. cruzi (Tulahue´n strain) was maintained in vivo in IFN-R-ceptor on Th1 memory cells) (Parham et al., 2002), it
deficient mice by every other week passages. For the experiments,is very likely that subunit swapping occurs in WSX-1
WSX-1/ or wild-type mice were intraperitoneally injected with thereceptor complexes to exert pleiotropic and different
plasma containing trypomastigotes. Mice were infected with 2 
functions. By doing so, WSX-1 may have an inhibitory 103 or 1  104 of trypomastigotes as indicated. The number of
role during T. cruzi infection to suppress overproduction parasites in the blood was microscopically counted for each animal
of proinflammatory cytokines and necroinflammatory le- by using 5 	l of blood taken from the tail.
sions in the liver. Similarly, subunit swapping is also
Aminotransferase Determination andpossible among IL-12 ligand family members. IL-27
Histopathological Examination(p28  EBI3) exerts its effect on naive T cells (Pflanz et
For aminotransferase determinations, blood was withdrawn at indi-al., 2002; Takeda et al., 2003), but a distinct ligand may
cated time after infection. Serum ALT and AST activities were thenbind WSX-1 to mediate the inhibitory function in cell
determined using Fuji Dry Chem Slide (Fuji Film Medical, Tokyo,
populations other than naive T cells. Interestingly, over- Japan) according to the manufacturer’s directions. For histopatho-
production of proinflammatory cytokines is not exclu- logical examination of the livers and the hearts, organs were taken
sive to T. cruzi infection. In concanavalin A-induced hep- from the mice 14 days after infection and fixed with 10% formalde-
hyde in PBS. Thin sections were stained with hematoxylin and eosin.atitis, an experimental model for viral or autoimmune
hepatitis, overproduction of proinflammatory cytokines
Isolation and Culture of Splenocytes or LMNCin addition to IFN- and IL-4 was observed in WSX-
Splenocytes or LMNC were isolated from WSX-1/ and wild-type1-deficient mice (H.Y. and A.Y., unpublished data). In
mice at indicated days after T. cruzi infection. The CD4 or CD8addition, Villarino et al. have reported in an experimental
T cells were purified from splenocytes using magnetic beads, cul-
Toxoplasma gondii infection that WSX-1 has a role in tured in the presence of antigen-presenting cells. The antigen-pre-
downregulation of T cell responses (Villarino et al., 2003). senting cells were prepared by irradiating (30Gy) splenocytes iso-
Taken together, it is revealed that WSX-1 regulates lym- lated from IFN-R-deficient mice (H-2b) uninfected or infected with
T. cruzi 14 days previously. These splenocytes from infected micephocyte activation and cytokine production in certain
work as antigen-presenting cells by presenting Trypanosoma anti-conditions.
gens on both MHC class I and class II. LMNC were prepared byIL-10 was originally described as a cytokine produced
Percol gradient as described previously (Yoshida et al., 1998). Wholeby Th2 cells mediating antiinflammatory effects by act-
LMNC were also cultured in the presence of antigen-presenting
ing primarily on phagocytotic cells and on antigen-pre- cells prepared as above.
senting cells (Moore et al., 2001; Trinchieri, 2001). The
defect of IL-10, an immunoregulatory cytokine, resulted Flow Cytometric Analysis of Intracellular Cytokine
in a reduced parasitemia but led to increased mortality and Surface Markers
during T. cruzi infection (Hunter et al., 1997). It was also For flow cytometric analysis of intracellular cytokines, splenocytes
or LMNC were isolated and cultured (1  106/ml) with or withoutreported that IL-10/ mice showed TNF--mediated
2.5 	g/ml of Con A (for splenocytes) or 10 ng/ml of PMA (Sigma)toxic shock with liver necrosis during T. cruzi infection
plus 500 ng/ml of Ca2 ionophore (Sigma) (for LMNC) in the presence(Holscher et al., 2000). Phenotypes observed in WSX-1/
of GolgiStop plus GolgiPlug (PharMingen). Cells were then stained
mice were thus similar to those in IL-10/ mice, both with anti-CD3
 versus anti-NK1.1 or Mac-1 antibody, fixed, and
of which showed toxic shock-like pathology with liver permeabilized with the Cytofix/Cytoperm Plus kit (PharMingen) ac-
necrosis. However, WSX-1/ mice produced compara- cording to the manufacturer’s directions. Cells were then stained
with anti-cytokine antibody to detect intracellular IFN-, TNF-, orble levels of IL-10 to wild-type mice in the liver and in
Immunity
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IL-6 and analyzed for the expression of respective cytokines using Cardillo, F., Voltarelli, J.C., Reed, S.G., and Silva, J.S. (1996). Regula-
tion of Trypanosoma cruzi infection in mice by gamma interferonFACS Calibur (Becton Dickinson).
and interleukin 10: role of NK cells. Infect. Immun. 64, 128–134.
Analyses of Cytokine Production Chen, Q., Ghilardi, N., Wang, H., Baker, T., Xie, M.H., Gurney, A.,
Cytokines in collected sera or culture supernatants of LMNC were Grewal, I.S., and de Sauvage, F.J. (2000). Development of Th1-type
examined using LiquiChip Mouse 10-Cytokine Kit (Qiagen) and ana- immune responses requires the type I cytokine receptor TCCR. Na-
lyzed with Luminex 100 (Luminex). In some cases, ELISA was also ture 407, 916–920.
used for detection of IL-4, 5, 6, and IFN- using ELISA Development Ely, K.H., Kasper, L.H., and Khan, I.A. (1999). Augmentation of the
Kits (Genzyme Techne) according to the manufacturer’s directions. CD8 T cell response by IFN-gamma in IL-12-deficient mice during
For RT-PCR analyses of cytokine expression, splenocytes or LMNC Toxoplasma gondii infection. J. Immunol. 162, 5449–5454.
were isolated from the mice infected with T. cruzi. NK1.1 cells,
Gazzinelli, R.T., Oswald, I.P., James, S.L., and Sher, A. (1992). IL-CD4, and CD8 T cells were purified using magnetic beads. First,
10 inhibits parasite killing and nitrogen oxide production by IFN-total RNA was prepared and reverse transcribed. Then, the amounts
gamma-activated macrophages. J. Immunol. 148, 1792–1796.of cDNAs were evaluated by quantitating the amount of -actin PCR
Gazzinelli, R.T., Wysocka, M., Hayashi, S., Denkers, E.Y., Hieny, S.,product using ABI Prism 7000 Sequence Detection System (ABI).
Caspar, P., Trinchieri, G., and Sher, A. (1994). Parasite-induced IL-12Then the same amounts of cDNAs normalized to the -actin were
stimulates early IFN-gamma synthesis and resistance during acuteamplified for IFN-, IP-10, IL-4, IL-5, IL-10, IL-13, TNF-, and -actin
infection with Toxoplasma gondii. J. Immunol. 153, 2533–2543.(internal control) using appropriate pairs of primers. Primer se-
quences were described elsewhere (He et al., 1995; Yoshida et He, X., Yoshida, H., Minamishima, Y., and Nomoto, K. (1995). Analy-
al., 2001). sis of the role of CD4 T-cells during murine cytomegalovirus infec-
tion in different strains of mice. Virus Res. 36, 233–245.
Neutralization of IFN- and IL-4 Hiyama, K., Hamano, S., Nakamura, T., Nomoto, K., and Tada, I.
For in vivo neutralization of IFN-, mice were injected with 500 	g (2001). IL-4 reduces resistance of mice to Trypanosoma cruzi infec-
of anti-IFN- monoclonal antibody (clone R4-6A2) in 200 	l of PBS tion. Parasitol. Res. 87, 269–274.
on day 0 of infection (1 hr before infection), day 1, and every other
Holscher, C., Mohrs, M., Dai, W.J., Kohler, G., Ryffel, B., Schaub,day thereafter. For neutralization of IL-4, mice were injected with
G.A., Mossmann, H., and Brombacher, F. (2000). Tumor necrosis1 mg of anti-IL-4 monoclonal antibody (clone 11B11) in 200 	l of
factor alpha-mediated toxic shock in Trypanosoma cruzi-infectedPBS 1 hr before infection and then with the same amount of antibody
interleukin 10-deficient mice. Infect. Immun. 68, 4075–4083.every 3 days.
Hunter, C.A., Ellis-Neyes, L.A., Slifer, T., Kanaly, S., Grunig, G., Fort,
M., Rennick, D., and Araujo, F.G. (1997). IL-10 is required to preventAcknowledgments
immune hyperactivity during infection with Trypanosoma cruzi. J.
Immunol. 158, 3311–3316.We thank Dr. Kazutoshi Hiyama, Sawako Muroi, Miyuki Sano, and
Michiyo Takeuchi for animal husbandry and technical help; Dr. Krettli, A.U., and Brener, Z. (1982). Resistance against Trypanosoma
Christopher Hunter for comments; and members of “Project W” for cruzi associated to anti-living trypomastigote antibodies. J. Immu-
helpful discussion. This study was supported in part by grants from nol. 128, 2009–2012.
the Ministry of Education, Science, Technology, Sports and Culture Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O’Garra, A.
of Japan (to H.Y., S.H., K.H., and A.Y.), and from Kowa Life Science (2001). Interleukin-10 and the interleukin-10 receptor. Annu. Rev.
Foundation (to S.H.). Immunol. 19, 683–765.
Parham, C., Chirica, M., Timans, J., Vaisberg, E., Travis, M., Cheung,
Received: June 24, 2003
J., Pflanz, S., Zhang, R., Singh, K.P., Vega, F., et al. (2002). A receptor
Revised: September 18, 2003
for the heterodimeric cytokine IL-23 is composed of IL-12Rbeta1
Accepted: September 26, 2003
and a novel cytokine receptor subunit, IL-23R. J. Immunol. 168,
Published: November 11, 2003
5699–5708.
Paul, W.E. (1989). Pleiotropy and redundancy: T cell-derived lym-References
phokines in the immune response. Cell 57, 521–524.
Petray, P.B., Rottenberg, M.E., Bertot, G., Corral, R.S., Diaz, A., Orn,Abrahamsohn, I.A., and Coffman, R.L. (1996). Trypanosoma cruzi:
A., and Grinstein, S. (1993). Effect of anti-gamma-interferon andIL-10, TNF, IFN-gamma, and IL-12 regulate innate and acquired
anti-interleukin-4 administration on the resistance of mice againstimmunity to infection. Exp. Parasitol. 84, 231–244.
infection with reticulotropic and myotropic strains of TrypanosomaAbrahamsohn, I.A., da Silva, A.P., and Coffman, R.L. (2000). Effects
cruzi. Immunol. Lett. 35, 77–80.of interleukin-4 deprivation and treatment on resistance to Trypano-
Pflanz, S., Timans, J.C., Cheung, J., Rosales, R., Kanzler, H., Gilbert,soma cruzi. Infect. Immun. 68, 1975–1979.
J., Hibbert, L., Churakova, T., Travis, M., Vaisberg, E., et al. (2002).Aliberti, J.C., Cardoso, M.A., Martins, G.A., Gazzinelli, R.T., Vieira,
IL-27, a heterodimeric cytokine composed of EBI3 and p28 protein,L.Q., and Silva, J.S. (1996). Interleukin-12 mediates resistance to
induces proliferation of naive CD4() T cells. Immunity 16, 779–790.Trypanosoma cruzi in mice and is produced by murine macrophages
Reed, S.G. (1988). In vivo administration of recombinant IFN-gammain response to live trypomastigotes. Infect. Immun. 64, 1961–1967.
induces macrophage activation, and prevents acute disease, im-Bogdan, C., and Nathan, C. (1993). Modulation of macrophage func-
mune suppression, and death in experimental Trypanosoma cruzition by transforming growth factor beta, interleukin-4, and interleu-
infections. J. Immunol. 140, 4342–4347.kin-10. Ann. NY Acad. Sci. 685, 713–739.
Rottenberg, M., Cardoni, R.L., Andersson, R., Segura, E.L., and Orn,Brombacher, F., Kastelein, R.A., and Alber, G. (2003). Novel IL-12
A. (1988). Role of T helper/inducer cells as well as natural killer cellsfamily members shed light on the orchestration of Th1 responses.
in resistance to Trypanosoma cruzi infection. Scand. J. Immunol.Trends Immunol. 24, 207–212.
28, 573–582.
Camargo, M.M., Almeida, I.C., Pereira, M.E., Ferguson, M.A., Tra-
Sass, G., Heinlein, S., Agli, A., Bang, R., Schumann, J., and Tiegs, G.vassos, L.R., and Gazzinelli, R.T. (1997). Glycosylphosphatidylinosi-
(2002). Cytokine expression in three mouse models of experimentaltol-anchored mucin-like glycoproteins isolated from Trypanosoma
hepatitis. Cytokine 19, 115–120.cruzi trypomastigotes initiate the synthesis of proinflammatory cyto-
Schumann, J., Wolf, D., Pahl, A., Brune, K., Papadopoulos, T., vankines by macrophages. J. Immunol. 158, 5890–5901.
Rooijen, N., and Tiegs, G. (2000). Importance of Kupffer cells forCao, Q., Batey, R., Pang, G., Russell, A., and Clancy, R. (1998). IL-6,
T-cell-dependent liver injury in mice. Am. J. Pathol. 157, 1671–1683.IFN-gamma and TNF-alpha production by liver-associated T cells
and acute liver injury in rats administered concanavalin A. Immunol. Silva, J.S., Morrissey, P.J., Grabstein, K.H., Mohler, K.M., Anderson,
D., and Reed, S.G. (1992). Interleukin 10 and interferon gamma regu-Cell Biol. 76, 542–549.
Regulatory Role of WSX-1 in Cytokine Production
667
lation of experimental Trypanosoma cruzi infection. J. Exp. Med.
175, 169–174.
Soares, M.B., Silva-Mota, K.N., Lima, R.S., Bellintani, M.C., Pontes-
de-Carvalho, L., and Ribeiro-dos-Santos, R. (2001). Modulation of
chagasic cardiomyopathy by interleukin-4: dissociation between in-
flammation and tissue parasitism. Am. J. Pathol. 159, 703–709.
Sprecher, C.A., Grant, F.J., Baumgartner, J.W., Presnell, S.R.,
Schrader, S.K., Yamagiwa, T., Whitmore, T.E., O’Hara, P.J., and
Foster, D.F. (1998). Cloning and characterization of a novel class I
cytokine receptor. Biochem. Biophys. Res. Commun. 246, 82–90.
Sypek, J.P., Chung, C.L., Mayor, S.E., Subramanyam, J.M., Gold-
man, S.J., Sieburth, D.S., Wolf, S.F., and Schaub, R.G. (1993). Reso-
lution of cutaneous leishmaniasis: interleukin 12 initiates a protective
T helper type 1 immune response. J. Exp. Med. 177, 1797–1802.
Taga, T., and Kishimoto, T. (1995). Signaling mechanisms through
cytokine receptors that share signal transducing receptor compo-
nents. Curr. Opin. Immunol. 7, 17–23.
Takeda, A., Hamano, S., Yamanaka, A., Hanada, T., Ishibashi, T.,
Mak, T.W., Yoshimura, A., and Yoshida, H. (2003). Role of IL-27/
WSX-1 signaling for induction of T-Bet through activation of STAT1
during initial Th1 commitment. J. Immunol. 170, 4886–4890.
Tarleton, R.L. (1990). Depletion of CD8 T cells increases suscepti-
bility and reverses vaccine-induced immunity in mice infected with
Trypanosoma cruzi. J. Immunol. 144, 717–724.
Tiegs, G. (1997). Experimental hepatitis and role of cytokines. Acta
Gastroenterol. Belg. 60, 176–179.
Trinchieri, G. (2001). Regulatory role of T cells producing both inter-
feron gamma and interleukin 10 in persistent infection. J. Exp. Med.
194, F53–F57.
Trinchieri, G. (2003). The choices of a natural killer. Nat. Immunol.
4, 509–510.
Villarino, A.V., Hibbert, L., Lieberman, L., Wilson, E., Mak, T.W.,
Yoshida, H., Kastelein, R., Saris, C., and Hunter, C.A. (2003). The
IL-27R (WSX-1) is required to suppress T cell hyperactivity during
infection. Immunity 19, 645–655.
Wakil, A.E., Wang, Z.E., Ryan, J.C., Fowell, D.J., and Locksley, R.M.
(1998). Interferon gamma derived from CD4() T cells is sufficient
to mediate T helper cell type 1 development. J. Exp. Med. 188, 1651–
1656.
Yoshida, H., Nishina, H., Takimoto, H., Marengere, L.E., Wakeham,
A.C., Bouchard, D., Kong, Y.Y., Ohteki, T., Shahinian, A., Bachmann,
M., et al. (1998). The transcription factor NF-ATc1 regulates lympho-
cyte proliferation and Th2 cytokine production. Immunity 8, 115–124.
Yoshida, H., Hamano, S., Senaldi, G., Covey, T., Faggioni, R., Mu,
S., Xia, M., Wakeham, A.C., Nishina, H., Potter, J., et al. (2001).
WSX-1 is required for the initiation of Th1 responses and resistance
to L. major infection. Immunity 15, 569–578.
